Phase III randomized controlled trials (RCT) in oncology fail to lead to registration of new therapies more often than RCTs in other medical disciplines. Most RCTs are sponsored by the pharmaceutical industry, which reflects industry's increasing responsibility in cancer drug development. Many preclinical models are unreliable for evaluation of new anticancer agents, and stronger evidence of biologic effect should be required before a new agent enters the clinical development pathway. Whenever possible, early-phase clinical trials should include pharmacodynamic studies to demonstrate that new agents inhibit their molecular targets and demonstrate substantial antitumor activity at tolerated doses in an enriched population of patients. Here, we review recent RCTs and found that these conditions were not met for most of the targeted anticancer agents, which failed in recent RCTs. Many recent phase III RCTs were initiated without sufficient evidence of activity from earlyphase clinical trials. Because patients treated within such trials can be harmed, they should not be undertaken. The bar should also be raised when making decisions to proceed from phase II to III and from phase III to marketing approval. Many approved agents showed only better progression-free survival than standard treatment in phase III trials and were not shown to improve survival or its quality. Introduction of value-based pricing of new anticancer agents would dissuade the continued development of agents with borderline activity in early-phase clinical trials. When collaborating with industry, oncologists should be more critical and better advocates for cancer patients.
Introduction
New anticancer agents are approved by regulatory agencies on the basis of proven efficacy and safety, which usually (but not always) need to be demonstrated in phase III randomized controlled trials (RCT; ref. 1) . It is estimated that current development of a single new drug costs pharmaceutical companies up to $2.6 billion (2) . Before a particular new anticancer agent enters evaluation in a RCT, its mechanism of action, antitumor activity, and safety should be demonstrated in preclinical models and in earlyphase clinical trials. The overall failure rate of oncologic RCTs is about 60% and is higher than in other medical disciplines (3) .
New agents often add toxicity, and RCTs that are unlikely to demonstrate benefit to patients should be avoided. Here, we explore causes and discuss consequences of negative RCTs and whether some of these failures could be avoided. For the purpose of this review, we analyzed recently published RCTs, which evaluated targeted agents for treatment of solid tumors and the corresponding data from preclinical and early-phase clinical trials.
A Snapshot of Recently Published Phase III RCTs
We searched MEDLINE (Host: PubMed) for phase III RCTs, which evaluated targeted anticancer agents (used alone or in combination with chemotherapy or hormonal therapy) for advanced solid tumors and were published between January, 2010 and December, 2014 in Journal of Clinical Oncology (JCO), Lancet Oncology, Lancet, or New England Journal of Medicine. We defined positive or negative RCTs as those reporting (or not) a statistically significant difference between arms in the primary time-to-event endpoint. Search terms were: cancer, phase III, randomized, and the Journal name. We excluded phase II studies, studies evaluating supportive agents, cytotoxic chemotherapy or endocrine therapy used alone, maintenance therapy, trials with radiotherapy, studies for hematologic malignancies or early-stage cancer, biomarker analyses, smaller studies (<150 participants), pooled analyses, noninferiority trials, studies evaluating investigational agents in both arms, and studies without a time-to-event primary endpoint. We searched publications reporting these RCTs for supporting evidence from preclinical and early-phase clinical studies. We also searched MEDLINE (Host: PubMed) and Google for published and unpublished early-phase studies supporting the phase III trial. Of note, phase III RCTs included in our analysis may not be representative of currently designed and ongoing RCTs.
Our search identified 112 RCTs (see Fig. 1 ; Supplementary  Tables S1 and S2) , among which 60 (54%) were negative, consistent with other reports (3). Fifty-two (87%) negative and 48 (92%) positive RCTs were sponsored at least in part by pharmaceutical companies. Thirty-nine (65%) negative and 25 (48%) positive RCTs were conducted in patients with non-small cell lung cancer (NSCLC), prostate, breast, and colorectal cancer, which are the most common, lethal cancers in wealthy countries (Table 1; 
ref. 4).

Endpoints of the RCTs
Overall survival (OS) is the most reliable measure of efficacy of a new anticancer drug. Progression-free survival (PFS) and similar intermediate endpoints may be considered appropriate but oncologists may overinterpret the value of improvement in PFS if it is not validated as a surrogate endpoint for duration or quality of survival (5) . In our cohort of RCTs, OS was the sole primary endpoint in 23% of positive and in 65% of negative trials, whereas PFS or time-to-progression (TTP) was the sole positive endpoint in 71% of positive and in 23% of negative trials (P < 0.001; Table 1 ). In 18 (46%) of negative studies that did not show a difference in the primary endpoint of OS, PFS was significantly superior for the experimental arm whereas only 12 (32%) of 37 positive studies with PFS as the primary endpoint showed at least a trend toward improvement in OS. However, in some positive studies, crossover was allowed or OS data were immature (Supplementary Tables S1  and S2 ). Thus, description of trials as positive or negative depends on whether their primary endpoint is OS or PFS (5). Only survival and its quality are true measures of benefit to patients and acceptance of PFS as a primary endpoint may lead to substantial overestimation of the number of new agents for treatment of cancer that meet the criterion of improving survival or its quality in phase III RCTs.
Preclinical cancer research to support drug development
For some of the negative RCTs, which were evaluated in our cohort, we were unable to identify appropriate preclinical studies. This was particularly true for studies evaluating combinations of chemotherapy and targeted agents where the corresponding preclinical studies evaluated targeted agents used alone. For some trials there was simply a claim of sufficient preclinical evidence to conduct such trials (6) (7) (8) . Appropriate preclinical studies may have been conducted, but were not reported.
Efficient drug development should initiate with robust preclinical findings from cell lines and animal models. It is essential to show in preclinical studies that new agents can inhibit their molecular target at concentrations achievable in humans, although valid preclinical models are lacking for evaluation of some therapies, especially immunotherapy and antiangiogenic agents. There is evidence of poor reproducibility from preclinical studies: two surveys found that only 11% to 25% of published results of preclinical studies could be reproduced (9, 10) . One reason may be the bias to publish positive results: Career development and research funding are promoted by positive studies, which are more likely to be published, and published in high impact journals, as compared with negative studies. Scientists should be encouraged to present whole datasets, not only positive results (10) . Clinical trials evaluating drug combinations are often stimulated by claims of synergistic interactions in preclinical models. We have shown that inappropriate methods for evaluation of synergy and poor assessment of therapeutic index have been used in many preclinical articles, leading to inaccurate claims of synergy (11) . In addition to the requirement for reproducibility from preclinical research, new research tools are needed for more efficient drug development (12) . Dispersed cells in tissue culture do not reflect the microenvironment in solid tumors and immunodeficient mice bearing transplanted human tumor cell lines do not faithfully predict histology-specific antitumor efficacy of targeted drugs (13, 14) . Examples of new in vitro models are the development of 3D cultures or cancer organoids, whereas genetic approaches have produced more sophisticated in vivo models of human cancer, and xenografts in mice can be generated from surgical or biopsy samples taken directly from patients (15) (16) (17) .
Early-phase clinical trials
Characteristics of the phase II studies that preceded the phase III trials in our review are presented in Table 1; Supplementary  Tables S1 and S2 . Twenty-one (35%) negative and 15 (29%) positive phase III RCTs in our survey were not preceded by any identifiable and context-appropriate phase II study (P ¼ 0.19). However, some phase II trials may have been conducted, but results were never published. At least one context-appropriate corresponding single-arm phase II study was identified for 28 (47%) negative and 28 (54%) positive RCTs at the time they were initiated. At least one randomized phase II study was identified for 17 (28%) negative and for 10 (19%) positive RCTs. For 6 (10%) negative and one (2%) positive RCTs, we identified both single-arm and randomized studies. A metric of success (a stated threshold of activity in phase II to proceed to phase III was both defined and met in only a small proportion of phase II trials; Table 1 ).
Early-phase clinical trials are critical in drug development and their goal is to facilitate decision making by identifying anticancer agents with the highest probability of succeeding in phase III RCTs. Because of the limited size and statistical uncertainty of phase II trials, that decision will always be imperfect but it will be strengthened by (i) the observation of a predefined threshold of activity, and (ii) pharmacodynamic (PD) studies confirming proof-of-concept that the agent is inhibiting its target (18) . Results of our survey indicate that many phase III trials proceed despite a threshold of activity not being reached in phase II evaluation, and few include PD studies to confirm target inhibition. An example is provided by the nine phase III RCTs, which have evaluated new anticancer agents in combination with docetaxel for men with metastatic castrate-resistant prostate cancer: These trials randomized about 10,000 men to receive (or not) treatments that added toxicity without improving survival and cost several billion dollars. For new agents evaluated in these trials there was a lack of supporting evidence of activity from early-phase clinical trials (19) .
A debate regarding the optimal design of phase II clinical trials in oncology focuses on whether they should be single-arm or randomized (20, 21) . A recent review showed that a majority of phase II trials evaluating targeted agents are single-arm studies and that objective response rate (ORR), as used in most phase II trials evaluating chemotherapy, predicts (albeit imperfectly) eventual success in phase III trials (22) . However, ORRs in most phase III RCTs were lower than those in preceding phase II studies, with a mean absolute difference of 12.9% (23) . There are examples of success with agents that showed a substantial and durable ORR in single-arm phase II trials, including some immunotherapeutic agents, and examples of failures despite showing improvement in OS in randomized phase II studies (24) (25) (26) . In one analysis more complex randomized, double-blind, and multi-arm phase II trials did not translate to positive phase III RCTs more often than singlearm phase II studies (27) .
Another major omission in early-phase clinical studies is failure to confirm proof-of-concept that targeted agents can inhibit their target in people. Often, this can be done by evaluating molecular targets in circulating white cells or from superficial biopsies of normal tissue (28) . Cancer patients are often willing to undergo tumor biopsy if this is important to demonstrate biologic activity (29) , but this is done rarely in early-phase trials. For only 11 (18%) and 20 (33%) negative and 5 (10%) and 18 (34%) positive phase III studies in our review, we were able to identify PD studies to determine whether the experimental agent inhibited its target in the preceding phase II and I studies, respectively (P < 0.01). Of note, in studies evaluating vascular-disrupting or antiangiogenic agents (the most frequently studied drugs) dynamic contrast-enhanced (DCE)-MRI was used rather than blood or tissue-based PD analyses. Although DCE-MRI evaluates properties of tumor vessels such as leakiness, it is not well established as a valid PD marker for antiangiogenic therapy (30) . Selected examples of negative and positive phase III trials are presented in Table 2 .
In summary, many new agents are not properly evaluated in phase II clinical trials, and some of them proceed to phase III when a pre-defined threshold of activity is not met. Moreover, confirmation of mechanism of action of new agents in phase I and II trials is undertaken rarely, despite the fundamental importance of demonstrating target inhibition. The oncologic community, regulatory agencies, and industry should jointly set higher standards No phase II studies with the randomized discontinuation design were identified. Screening design enables preliminary comparisons of an experimental treatment regimen, generally composed of a standard regimen with an experimental agent added, to an appropriate control, which is usually the standard regimen. This design is especially useful when PFS is an endpoint. In contrast, selection design compares two experimental regimens, usually incorporating comparison of each with the historical control, and usually involving a tumor response endpoint. b For only six positive and one negative phase III, we were able to identify the corresponding PD analyses in both phase I and II studies. for the design of early-phase clinical studies and for transition of investigational agents to phase III RCTs.
Biomarkers
For seventeen (28%) negative and 33 (63%) positive phase III trials included in our survey, a correlative blood or tissue biomarker was used in prior phase II studies (Table 1) . For several positive but only one negative phase III RCT, correlative biomarker analyses were performed already in phase I trials (Supplementary Tables S1 and S2; ref. 31) . Eight (13%) of 60 negative and 23 (44%) of 52 positive phase III studies evaluated new agents in an enriched population of patients (P < 0.001; Table 1 ). Among phase III studies using PFS as a primary endpoint, those with positive results more often enrolled an enriched population of patients as compared with negative studies (P < 0.0008; data not shown); however, we did not observe any such association in phase III trials using OS as a primary endpoint. Because of the small number of patients further sensitivity analyses were not feasible.
As many of the most successful anticancer drugs are those with companion diagnostics, efforts to identify biomarkers early in the development of new anticancer drugs should be made. Such an approach should inform the design and conduct of early-phase clinical trials and allow consistency between populations in earlyphase and phase III clinical trials. A recent study showed that anticancer drugs that were used to treat an enriched population selected by a biomarker progressed from one phase to another phase, and ultimately to regulatory approval, more often than drugs, which were evaluated without biomarkers (32) . However, development of biomarkers may be hindered by intratumor heterogeneity (33) , and for some drugs, such as antiangiogenic agents, serum or tumor levels of possible biomarkers such as vascular endothelial growth factor have not proven helpful in selecting patients (34) .
An Example of Failed Drugs-Inhibitors of Angiogenesis
Inhibitors of angiogenesis are anticancer agents that have often failed to meet criteria of success in phase III RCTs (Table 1) . Fifteen different antiangiogenic agents, including multikinase inhibitors and monoclonal antibodies, owned by 11 pharmaceutical companies, were evaluated in 28 (47%) negative and 23 (44%) positive RCTs from our cohort (Table 1; Supplementary Tables  S1 and S2 ). Overall, 22 of 37 phase III RCTs (59%) evaluating antiangiogenic agents were not preceded by appropriate phase II studies. In some of these studies results of the prior phase I clinical trials were considered sufficiently promising to conduct phase III RCTs (35) (36) (37) (38) . Furthermore, investigators sometimes justified evaluation of a new anticancer therapy on the basis of preclinical data, or on results of RCTs, which evaluated the same treatment in different cancer types (39) . In recent published reports of RCTs, investigators openly stated that results of phase II trials were not available when phase III RCTs were initiated (40, 41) . Enrollment periods sometimes overlapped for phase II and III studies, and results of the phase II study, later found to be negative, were not available when the phase III RCT was initiated (42, 43) .
In patients with advanced NSCLC, antiangiogenic agents were evaluated in 10 (53%) of 19 negative RCTs in our survey. It is possible that the positive results of the Eastern Cooperative Oncology Group E4599 phase III RCT, which showed that bevacizumab in combination with chemotherapy improved OS modestly in patients with non-squamous NSCLC as compared with chemotherapy alone, led to the multiple RCTs evaluating angiogenesis inhibitors for this disease, which subsequently all failed (44) .
Consequences of Failure of RCTs-Harm and Dollars
Although failures in RCTs generate knowledge and cannot be completely avoided, prevalent negative trials lead to increased costs for drug development and increased toxicity to patients. Overall, 44,655 patients with advanced cancer were treated within our cohort of negative RCTs and 23,598 of patients received experimental therapy within these trials. Patients enrolled into experimental arms of such trials may be exposed to harm. In 3 (5%) of negative RCTs in our survey, the overall population of patients assigned to the experimental arm had at least a trend to worse OS as compared with those in the control arm (Supplementary Table S1 ; refs. [45] [46] [47] . In other studies, more patients receiving experimental therapy died of toxic effects of drugs compared with patients in the control arm, including studies without preceding phase II trials (Supplementary Table S2 ; refs. 6, 40, 41) . Patients receiving experimental therapy may also suffer from increased non-fatal toxicity, which impairs the quality of their lives, and this was demonstrated for the majority of negative RCTs (Supplementary Table S1 ). Given our findings, continuing to embark on phase III RCTs without careful empirical analysis to improve the success rate of those RCTs is unethical.
Many approved new anticancer agents are not cost-effective (48) . Furthermore, the cost of new drugs is not related to their effectiveness: For example, agents with specific molecular targets are clinically most beneficial, but their market price is not significantly different from those of less active anticancer agents (49) . Before initial approval for marketing, 57% of oncology drugs are investigated for multiple indications, with 32% tested in at least four indications, and these strategies increase the cost of the approved drug (50) . For example, in our survey, antiangiogenic agents such as sunitinib, sorafenib, and bevacizumab were evaluated in several different cancer types (Supplementary Tables S1 and S2 ). Market prices of new drugs are set to maximize the expected profits of pharmaceutical companies and one strategy to reduce costs of new drugs might be the introduction of value-based pricing. With such an approach, new drugs would be required to fall within a defined margin of cost-effectiveness (defined by cost per life-year gained in pivotal trials) after registration. This would dissuade the continued development of agents with borderline activity in phase II clinical trials. Many challenges for efficient, fast and less costly drug development still need to be addressed and are discussed elsewhere in this CCR Focus section (51, 52) .
Role and Responsibility of the Pharmaceutical Industry
Pharmaceutical companies sponsor an increasing proportion of RCTs (53) . Therapeutic advances such as agents targeting HER2/neu in women with breast cancer or agents directed against mutated B-RAF protein in patients with melanoma would not be possible without collaboration between industry and academia (25, 54, 55) . In contrast with these successes, many new anticancer therapies show only modest benefit or fail to improve patient outcome when studied in phase III RCTs.
The motivation for drug development by pharmaceutical companies is profit and there is, therefore, an emphasis on bringing products to market quickly to maximize the period of patent protection. Decisions about drug development are not only driven by science, but also by complex financial market forces, which may stimulate a transition of investigational cancer agents from preclinical and early-phase clinical studies to RCTs and are usually poorly understood by clinicians (56) . Such an approach may have also an unfavorable impact on drug development.
Conclusions
RCTs evaluating new anticancer agents fail more often than RCTs in other areas of medicine. Most oncologic phase III RCTs are sponsored by industry and competitiveness may accelerate transition from early phases of drug development to phase III RCTs. Failed agents often show only borderline activity in early-phase clinical trials, and it is rare for such trials to include studies to ensure that new agents inhibit their putative molecular target. The threshold of success in phase II trials that informs the decision to proceed to phase III evaluation should be raised. Many agents that "succeed" in phase III do so because they were evaluated with a primary endpoint of PFS without significant improvement of OS, and often without demonstration of improvement in quality of survival. Negative RCTs expose cancer patients to harm: It is unethical to evaluate an anticancer agent in a phase III RCT if activity was not clearly demonstrated in preclinical and early-phase clinical studies. Value-based pricing of approved new anticancer agents would effectively reduce the rate of failures of phase III RCTs. The oncologic community should reflect on recently failed RCTs and aim for more successful drug development.
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